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Introduction
Haemophilus influenzae is a Gram-negative respiratory pathogen that are categorised into encapsulated (serotype a to f) and unencapsulated strains, the later group is designated as nontypeable H. influenzae (NTHi) . H. influenzae type b (Hib) causes pneumonia, osteomyelitis, epiglottitis, sepsis, joint infections, and acute meningitis and is hence considered as the most virulent type (Morris et al., 2008; Agrawal and Murphy, 2011) . Even though the incidence of Hib infections in developed countries has been significantly reduced after introduction of the Hib conjugate vaccine in the early 1990s (Danovaro-Holliday et al., 2008) , Hib remains a major infectious agent in infants and children in developing countries (Fitzwater et al., 2010) . Hib infection starts by attachment of the bacteria to the nasopharyngeal and lung epithelial surfaces resulting in epithelial damage followed by penetration of the underlying tissues mediated by various sophisticated mechanisms (Geme and Cutter, 1995; Geme, 1996; Ulanova and Tsang, 2009; Agrawal and Murphy, 2011) . Hib is furthermore able to penetrate the blood-brain barrier and thus causes meningitis (Singh et al., 2012) . Survival of Hib in the blood is controlled by acquiring complement regulators to the surface of the pathogen for an effective inhibition of the membrane attack complex (MAC) (Winkelstein and Moxon, 1992; Hallström and Riesbeck, 2010; Singh et al., 2010) . However, penetration of this pathogen to deep tissues depends on multiple virulence factors (Leroy-Dudal et al., 2004) .
Gram-negative pathogens possess a specific group of proteins known as autotransporters, which are translocated to the cell surface by a type V secretion mechanism. Unlike the type I-IV secretory systems that involve multiple proteins, autotransporters are composed of a single protein consisting of an N-terminal signal peptide for secretion, followed by a passenger domain, and a C-terminal translocator (membrane anchoring) domain Leo et al., 2012) . These autotransporters are multifunctional proteins ranging from monomeric to multimeric arrangements (Meng et al., 2011) . Recently, the biological role of few autotransporters has been studied in H. influenzae. The monomeric autotransporter Haemophilus adhesion and penetration protein (Hap) is involved in bacterial aggregation and adherence to host cells (Meng et al., 2011; Hallström et al., 2011) . A trimeric autotransporter adhesin (TAA) known as Hia has also been extensively studied for its functional and structural characteristics Spahich and St Geme, 2011) . Hia is only present in approximately 25% of the clinical NTHi isolates (St Geme et al., 1998) , and cannot be found in encapsulated H. influenzae. In contrast, Haemophilus surface fibril (Hsf) is present in all typeable strains (St Geme et al., 1996; Rodriguez et al., 2003; Watson et al., 2013) . Notwithstanding homologous, Hia and Hsf are relatively different sizewise; Hia has a size of ≈114 kDa (≈342 kDa as a trimer), whereas Hsf is almost twice in size with a monomer of approximately 243 kDa that builds up a ≈750 kDa trimer (Cotter et al., 2005b) . These two TAAs are highly homologous at their N-and C-termini with an overall 81% similarity and 72% identity. Moreover, Hia and Hsf are constituted of various repetitive domains, which in parts have been defined according their biological functions. For instance, Hia has two functional host epithelial cell binding domains designated BD1 and BD2. Similar binding domains are present in Hsf, but in addition, Hsf has a third binding domain (BD3). The binding domains are similar in their secondary structures. However, a few key amino acids of the binding pocket of the BD3 of Hsf are different as compared to BD1 and BD2, and therefore BD3 appears not to interact with host cells (Danovaro-Holliday et al., 2008; Spahich and St Geme, 2011) .
Previously we reported that Hsf recruits Vn and thus inhibits the lytic pathway of the complement system by inhibiting C5b6-7 complex formation and C9 polymerization (Hallström et al., 2006) . Recently, we studied the Hsf-Vn interaction in detail and found that BD2 of Hsf selectively interacts with the C-terminal end of Vn and thus inhibits MAC formation (Singh et al., 2014) . Vn also mediates an increased adherence of Hib to epithelial cells. We proposed that when Vn is bound to BD2 it may function as a bridging molecule between the bacteria and epithelial surface integrins. However, BD1 may directly bind to host epithelium, leading to a stronger Hsf-mediated interaction of Hib with the host cell surface (Singh et al., 2014) .
In the present study, we investigated the molecular architecture of Hsf at the bacterial surface. Since the Hsf molecule is an extraordinary large protein and has a repetitive domain structure we modeled this protein by using an in silico approach. Our computed model suggested a protein length of approximately 200 nm, whereas the length of Hsf observed by electron microscopy was only 100 nm. Based upon these observations, we analyzed the organisation of Hsf on the bacterial surface by denaturing Hsf using GuHCl in order to unfold the Hsf molecule. In addition, a set of specific anti-Hsf peptide antibodies was included in the analyses to locate the precise regions of the molecule. Our results show that Hsf is not a straight fibre, as reported with several other known bacterial TAAs, but rather consists as a "hairpin-like" twisted molecule.
Material and Methods
Bacterial strains and culture conditions. The type b H. influenzae RM804 and mutants (Hallström et al., 2006) were grown in brain heart infusion (BHI) liquid medium containing 10 μg ml -1 nicotinamide adenine dinucleotide (NAD) and hemin, or on chocolate agar plates. Cultures were incubated at 37 C in a humid atmosphere containing 5% CO 2 . The hsf mutant was grown in BHI supplemented with 18 μg ml -1 kanamycin. Luria Bertani (LB) broth or on LB agar plates were used to grow E. coli DH5 and E. coli BL21 (DE3). E. coli harboring expression vectors pET26b-hsf(s) and pET16b-hsf 1-2413 were grown in 50 μg ml -1 kanamycin and 100 μg ml -1 ampicillin, respectively.
Bioinformatics and protein modeling. An in silico model of Hsf was constructed by using a comparative protein structure modeling on domains with a highly homologous amino acid sequence to that of a known three-dimensional structure determined by X-Ray Diffraction Crystallography. Domains with low homology to known three-dimensional structures was built as a trimeric coiled-coil as described elsewhere (Griffiths et al., 2011) . The initial alignment from the BLAST/PSI-BLAST homology search was refined using ClustalW alignment and prime STA alignment combined with manual alignment. From the final alignment, an energybased homo-multimer model was constructed. The resulting model was evaluated to ensure that hydrophilic amino acids were on the surface and hydrophobic amino acids were buried in the protein interior. If these criteria were not sufficiently met, a new model was constructed after sequence re-alignment. The comparative protein structure modeling was performed using Prime version 3.1, which is part of the Schrödinger Suite 2012 (Prime, version 3.1, Schrödinger, LLC, New York, NY, 2012). In addition, UCSF Chimera 1.6 was used for bookkeeping purposes such as the renumbering of amino acid sequences (Pettersen et al., 2004) .
Protein expression and purification.
Recombinant DNA plasmids were obtained as described elsewhere (Singh et al., 2014) . For surface expression of the Hsf protein, pET16-hsf54-2300 (Hallström et al., 2006) was freshly transformed into E. coli BL21 (DE3) and plated on LB ampicillin plates. Single colonies were inoculated in 10 ml LB containing 100 μg ml -1 ampicillin and incubated at 37C at 200 rpm shaking. Expression was induced by addition of 0.2 mM IPTG when OD 600 nm reached to 0.4-0.5. Induced cultures were further incubated at 37C with shaking at 200 rpm for the next 15 h. Expression of Hsf at the surface was verified by using anti-PD antibodies in flow cytometry. For purification purposes, E. coli BL21(DE3) containing pET26bhsf(s) was grown in LB medium with kanamycin at 37C until OD 600 nm reached to 0.8-1. Protein expression was induced by addition of 1 mM IPTG, and protein purification was performed as described elsewhere (Singh and Rohm, 2008) . Some Hsf fragments produced inclusion bodies that were purified by using an inclusion body purification protocol (Singh and Rohm, 2008) . The purified proteins were dialyzed in PBS and concentrated by using Centricon cartridge (Millipore, Bedford, MA). Purity of the proteins was confirmed by SDS-PAGE and concentrations were estimated by a Nano-drop spectrophotometer (Thermo Scientific, Wilmington, DE) and also verified by a Bicinchoninic acid (BCA) assay (Pierce, Rockford, IL).
Production of antibodies.
Specific peptides covering the sequence Hsf 153-164, anti-Hsf 876-881 (anti-KTRAAS), anti-Hsf 1912-1942 were synthesized and conjugated with KLH (Innovagen, Lund, Sweden). For immunization, 500 µl peptides (200 µg) were mixed with 500 µl complete Freunds adjuvant followed by immunization of rabbits. After 4 weeks, the same amount of peptides were injected with aluminium hydroxide as adjuvant. Two boosters were administered after 5 and 6 weeks. Finally, blood was drawn from immunized rabbits and antibodies (Abs) from sera were purified by standard affinity purification protocol (Singh et al., 2013) . BD and PD domains were aligned and modeled to identify the conserved surface exposed regions ( Fig. 1B -C and Fig. S1 ). Peptide antibodies against the BD and PD domains were produced in rabbits and purified by affinity purification (Genscript, NJ). Antibodies were concentrated to 1 mg/ml in PBS and stored at -20 C.
Western blotting. Purified Hsf fragments (50 ng) were mixed with SDS-PAGE loading dye, incubated at 95ºC for 5 min and centrifuged (14,000xg) for 5 min. Supernatants were loaded on 4-12% Bis-tris gels (NuPAGE; Invitrogen, Carlsbad, CA) and resolved at 80 V until the dye front reached the bottom of gels. Proteins were transferred to a PVDF membrane for 15 h followed by blocking with 5% milk in PBS. Blots were incubated with anti-PD, anti-BD, anti-Hsf 153-164 , anti-Hsf 876-881 , anti-Hsf 1912 876-881 , anti-Hsf -1942 Abs or a combination of Abs as indicated. After 1 h of incubation at RT, blots were washed 4 times in PBS containing 0.05% Tween-20 (PBS-T). Thereafter, secondary anti-rabbit swine polyclonal Abs (Dako, Glostrup, Denmark) were added to the blot in PBS containing 5% milk and incubated for 1 h at RT. Finally, blots were washed 4 times in PBS-T and developed using an ECL western blotting kit (Pierce, Rockford, IL).
Circular dichroism (CD).
Purified recombinant Hsf 54-2300 was dialysed against 25 mM phosphate buffer, pH 7.5 containing 100 mM sodium fluoride. Two samples of Hsf 54-2300 (0.2 mg/ml) were prepared, one in buffer and one in buffer with 6 M GuHCl. Spectra (15x) were recorded for these two samples between 210-250 nm in a Jasco J-815CD spectrophotometer (Jasco, Easton, MD) in a 1 mm quartz cuvette thermostated to 25 °C, and the mean spectrum was plotted. Each spectrum was subtracted from a control spectrum obtained in the absence of protein. The two solutions were mixed in different proportions to prepare a set of solutions containing 0.25-5.75 M GuHCl in steps of 0.25 M. For each these solutions, and the two stock solutions, the ellipticity at 222 nm was recorded during 2 min. The following equation was fitted to the average signal versus GuHCl concentration: The six fitted parameters are the free energy of unfolding in the absence of denaturant, 2 , and its dependence on denaturant concentration, , the intercept, , and slope, , of the naive state baseline, and the intercept, , and slope, , of the unfolded state baseline. The GuHCl concentration at which 50% of the protein molecules are denatured, C M , is calculated from the fitted parameters as
For presentation, the data are normalized to the apparent fraction folded, F app , according to app
(Equation 3)
Transmission electron microscopy (TEM). Different Abs were labelled with colloidal gold as described (Roth, 1996) . The wild type H. influenzae RM804 were grown in BHI for 3 h at 37 ºC. E. coli were induced with IPTG to express Hsf, and the expression of the protein at the surface was verified by flow cytometry prior to TEM. Bacteria were treated with GuHCl and washed twice in PBS. Thereafter, bacteria were fixed in 2.5% glutaraldehyde, dehydrated and embedded in Epon as described earlier (Oehmcke et al., 2009) . For negative staining, bacteria were incubated with 5 nm and 10 nm gold-conjugated antibodies as described, fixed in PBS containing 4% paraformaldehyde and 0.1% glutaraldehyde, and prepared as described (Carlemalm, 1990) . TEM was performed as described elsewhere (Bengtson et al., 2008) , and specimens were examined in a JEOL JEM 1230 transmission electron microscope (JEOL, Peabody, MA) at 60 kV accelerating voltage. The Images were recorded with a Gatan Multiscan 791 CCD camera (Gatan, Pleasanton, CA). Only particles observed within a distance of 15 nm or less adjacent to the cell surface were counted. This corresponds to the established maximum distance between an IgG and its antigen, or between a protein labeled with gold of this size, and its target.
Results
Hsf is approximately a 200 nm long fibril according to a modelled structure. Autotransporters are very difficult to crystallize, and therefore most structures have been solved in fragments and followed by compilation into full models (Agnew et al., 2011; Hartmann et al., 2012) . In order to model the Hsf structure, we first predicted different structural motifs/domains by the DATAA server at Max Planck Institute for developmental Biology, Tubingen, Germany (http://toolkit.tuebingen.mpg.de/dataa/search). Our prediction revealed the presence of an Nterminal signal sequence (1-43 aa) required for protein translocation to the membrane, 14 distinguished Trp-ring domains, 3 GANG domains, 3 Neck/IS-Neck domains, 4 KG motifs, 1 Y head, 1 TTT, and finally a highly conserved membrane anchoring domain (2342-2413 aa) at the C-terminus of Hsf (Fig. 1A) . We thereafter modeled various regions of the Hsf molecule by using known templates and finally the full structure was compiled ( Fig. 1A) .
Previously, on the basis of interactions with Chang conjunctival epithelial cells, three binding domains (BD2 529-652 , BD3 1206-1337 and BD1 ) have been characterized in the Hsf molecule (Cotter et al., 2005b) . All binding domains consist of an N-terminal Neck domain and a C-terminal Trp-ring domain "N-Neck : Trp ring-" (Fig. 1A) . The motifs arrangement showed that within the N-terminus of the BDs, an additional Trp ring domain is present and assembled in an "N-Trp ring : Neck : Trp ring-" triplet arrangement (Fig. 1A) . In parallel to sf, ia has a similar N-terminal Trp-ring domain within BD1, whereas it is absent in the BD2. We included these N-terminal Trp-ring domains along with BDs (N-Trp ring : Neck : Trp ring-C) in our study in order to analyze the biological function, that is, Vn binding of these domain triplets. Hence, the domains BD2 429-652 , BD3 1103 -1338 , and, BD1 1792 -2022 were expressed and purified. The alignment of the BDs showed 48.7-54.7% identity and 60.8-61.9% similarity (Fig. S1 ). The three BDs were modeled against the template 1s7M and superimposed (Fig. 1B) . Importantly, the conserved region of the Neck domains, the peptide sequence N-TKDGISAGNKAITNVAS-C was identified and selected for Ab production ( Fig. 1B and S1 ).
In addition to BDs, other structural Hsf motifs are organised in a distinguished series that results in three putative domains (PD) without any known biological function, that is, PD2 272-375 , PD3 938-1046 , and PD1 1637-1740 with 54.1-74.5% identity and 65.8-80.2% sequence similarity, respectively (Fig. S1 ). The binding domain numbering of Hsf was assigned on the basis of the homology with Hia (Cotter et al., 2005b) . Following the previous nomenclature, we named the adjacent PDs with a similar numbering (Fig. 1A) . The PDs consist of a KG domain followed by a Trp-ring domain (N-KG : Trp ring-C). A KG domain is also present between amino acids 2063-2112 ( Fig. 1A) , which has a more variable sequence than the other 3 KG domains.
PDs were aligned for identifying regions with unique amino acids for design of peptides to produce specific Abs that could recognize all three PDs (Fig. S1) . The PDs were also modeled against the template (PDB: 3emi) and model structures were superimposed (Fig. 1C) . Importantly, the amino acid sequence of the KG domains, N-GLVTAKAVIDAVNKAGWR-C, was conserved, exposed on the surface, and was therefore selected for Ab production. In structural models, highly surface-exposed regions were variable in sequences of the BD and PD, as compared by aligning the models (Fig. 1B-C and Fig. S1 ). Therefore, it was almost impossible to select highly surface exposed regions for production of common antibodies that would recognize all three sequences on the fibril at the same time. Hence, we selected the conserved and maximally exposed sequences for designing Abs that would recognize the PDs and BDs in the fibrils (Fig. S1) .
The amino acid sequence of the C-terminal membrane anchoring domain and the trimeric coiled coil domain connected to it (2308-2413 aa) completely matched the PDB: 3emo sequence. The PD1, PD2 and PD3 have a high sequence identity with PDB:3emi, whereas the BD1, BD2, and BD3 have high sequence identity with PDB:1s7m. In our models 6 out of 14 Trp-rings predicted by the DATAA server were thus modeled using those templates. The remaining 8 Trpring domains present in the Hsf molecule were modelled using templates PDB:1s7m, PDB: 3emi, or PDB: 3d9x, with 15-26% sequence identity, and 30-43% sequence similarity. A domain close to the C-terminal (2144-2315 aa) was constructed from PDB:3laa with low identity, but having a high local similarity. The remaining regions that were not matching with known threedimensional structures or had low identity/similarity to known templates were constructed as trimeric coiled coils (Griffiths et al., 2011) . The trimeric models were first refined with Prime side chain prediction, and strained loops were refined using Prime loop prediction, followed by a constrained Prime energy refinement (imperf minimization). Finally, the 23 domain models were joined to a continuous 0136-2413 aa Hsf-model (Fig. 1A) , and the joints were refined with Prime loop prediction and Prime energy refinement. The length of the Hsf-model measured on the symmetry axis was found to be 1675 Å (167.5 nm) from the centroid of the C-alpha of asp136 to the centroid of the C-alpha of gln2371. Nevertheless, this measurement (167.5 nm) did not include the length of 54-135 amino acids of the N-terminal (not modeled) and 2372-2413 amino acids of the C-terminal (membrane anchor). Therefore, we assume that the approximate total length of Hsf (54-2413 amino acids) might reach up to 200 nm.
Partial denaturation suggests a bended and twisted Hsf molecule. We performed TEM to visualise the Hsf molecule on the surface of H. influenzae RM804 ( Fig. 2A; upper left panel , untreated) . At least 50 individual fibrils were measured at the bacterial surface. The mean length of the Hsf 1-2413 molecule was found to be approximately 100 nm. Theoretically, each Hsf monomer consisted of 2413 amino acids and if monomers trimerize as a straight fibril, the length would be more than 100 nm ( Fig. 2A) . In support of this, the calculated length of Hsf in our modeled structure was 1675 Å (167.5 nm), i.e., the length of the fibril from Asp136 to Gly2371 (Fig. 1A) . The visualized length of the fibre in TEM was less in size than the calculated length of the model. This finding prompted us to in detail investigate this trimeric molecule on the surface of H. influenzae. For this purpose, we treated H. influenzae RM804 with 0.5-2.5 M guanidine hydrochloride (GuHCl) and visualized the Hsf molecule by using negative staining and TEM. The experiments revealed a stability of the Hsf fibril in up to 1.0 M GuHCl ( Fig. 2A) . However, bacteria treated with 1.5 M GuHCl showed a partial unwinding of the fibril, whereas the quarternary structure was further open, and more than three fibrils appeared at >2.0 M GuHCl ( Fig. 2A ). This result clearly indicated that the Hsf molecule at the surface of H. influenzae does not consist of three single strands only in the form of straight fibril.
In parallel, we performed an equilibrium unfolding experiment with recombinant Hsf 54-2300 in the presence of the denaturing agent GuHCl. Circular dichroism (CD) spectra were recorded in the absence (native protein) and presence of 6 M GuHCl. The large change in signal at 222 nm reflected denaturation of the secondary structure ( Figure 2B) . The ellipticity at 222 nm was measured as a function of GuHCl concentration. The data was fitted by equation 1, allowing us to estimate, and presented in Figure 2C as normalised data (equation 3). C M , the GuHCl concentration at which 50% of the protein is unfolded is estimated to 2.6 M (equation 2), The denaturation data are in agreement with the TEM data ( fig. 2A ). By TEM only folded Hsf is detected up to 1 M GuHCl, which corresponds to the pre-transition baseline ( Figure 2C ). To confirm the above observations, we performed embedded sectioning of H, influenzae RM804 WT, RM804Δhsf, E. coli expressing Hsf, and an E. coli control containing an empty vector. Each sample was incubated in PBS or PBS containing 6M GuHCl, washed twice in PBS and fixed. Bacterial pellets were embedded, and sections were produced in a microtome. Only H. influenzae RM804 WT and E. coli expressing Hsf showed a layer of Hsf at their surface (Fig. 3A) . Interestingly, when RM804 WT and E. coli expressing Hsf were treated with 6M GuHCl for 30 min, the surface proteins appeared as a thick fuzzy layer, approximately with a two-fold increase in thickness in comparison to non-treated bacteria. In contrast, treatment of RM804Δhsf and the E. coli control with 6M GuHCl did not show any Hsf at the surface (Fig. 3B ). In the next step, those EM sections were visualized at a higher magnification to observe the fibrils. Hsf was clearly seen at the surface with an approximate length of 100 nm in H. influenzae RM804 WT and Hsf-expressing E. coli (Fig. 3C) . Treatment with 6M GuHCl revealed an increased fibre length that was more than 100 nm (Fig 3C, lower panel) . Further magnification of the bacterial surface fibrils (E. coli-Hsf) showed a clear difference between the length of the fibril in untreated and 6M GuHCl-treated samples (Fig. 3D) . These results thus indicated that Hsf is not a straight fibre. It is bended and two trimeric halves may result in a hairpin-like shape with twisting of each half of the molecule.
Anti-Hsf peptide antibodies are highly specific. Hsf has several repetitive sequence domains as demonstrated by bioinformatics and modeling (Fig. 1A) . Some of these sequence motifs in a particular combination serve as functional binding domains. The trimeric organisation of these various domains in a large protein like Hsf (2,413 amino acids) has not yet been elucidated or predicted. It is thus interesting to observe how these domains position in the fibril since we suggest that Hsf is a bended and twisted molecule (Fig. 3) . The distribution of PDs and BDs were analyzed by using immunogold cryo TEM. Peptide Abs directed against "GLVTAKAVIDAVNKAGWR" (anti-PD Ab), and "TKDGISAGNKAITNVAS" (anti-BD Ab) ( Fig. S1) , peptide specific anti-Hsf 153-164 , anti-Hsf 876-881 (KTRAAS), and anti-Hsf Abs were produced in rabbits. Hsf fragments, BD1-3, PD1-3, Hsf54-608, Hsf608-1351, Hsf1047-1751, Hsf1536-2031, and full length (Hsf54-2300) were tested for Ab cross-reactivity. The anti-Hsf 153-164 Ab recognized Hsf54-608 and the full length Hsf molecule (Fig. 4A ). Blots treated with anti-Hsf 153-164 + anti-PD Abs recognized all three PDs, but did not react with BDs. Hsf1536-2031 was not recognized by the anti-PD Ab. However, PD1 encompassing amino acids Hsf1637-1740 (i.e., part of the Hsf1536-2031) was easily recognized by anti-PD Abs. This may be due to partial masking of the Ab recognition sequence of Hsf1536-2031 in the blots tested and/or in combination with a low affinity of interaction (Fig. 4A) . The anti-Hsf 876-881 Ab crossreacted with Hsf608-1351 and the full-length molecule (Fig. 4B) . Incubation of the same blot with anti-Hsf 876-881 + anti-BD Ab detected all BD domains, and in addition to the other protein fragments. Anti-BD Ab did not cross-react with any of the PD domains (Fig. 4B, Fig S2) . Yet another antibody, anti-Hsf 1912 -1942 Ab detected BD1 (Hsf1536-2031) and full length protein (Fig. 4C) . These results suggested that the Abs are highly specific for recognizing the corresponding amino acid sequences (Fig. 4D ).
Antibody mapping also demonstrated a bending of the Hsf molecule. We used TEM in order to visualize various regions of the Hsf molecules. In the first set of experiments, anti-PD and anti-BD Abs were labeled with 10 nm colloidal gold particles and the other specific Abs were labeled with 5 nm gold particles. Thereafter, H. influenzae RM804 WT in parallel with Hsfexpressing E. coli were probed with Abs in combination as shown to the left and at the top of Fig. 5A and B . The anti-Hsf 153-164 Ab recognized the fibril within 10 nm length at the base from the surface. In support of the previous results ( Fig. 2A, Fig. 3) , we here proved that the Nterminal sequence was located close to the base of the fibril, suggesting that the Hsf trimer was a bended molecule. Of notice, the N-terminus in a straight fibril structure should be located at the tip of the fibril (Fig. 1A) . As can be seen in Fig. 5A , the anti-Hsf 876-881 Ab bound to the protein fibril almost at the tip, that is, 80-90 nm from the base. However, probing Hsf with the anti-Hsf Ab revealed an interaction at a 35 nm distance from the base of the fibril, and thus verified the C-terminal end near the base (Fig. 5A-B) . The relative Ab-binding as revealed by TEM was plotted against the length of the Hsf, and a diagram representing the overall distribution of Abs recognizing the various sequences is shown in Fig. 5C .
To characterize the precise positions of PD and BD domains in the fibril, we probed H. influenzae RM804 WT and Hsf-expressing E. coli with both anti-PD and anti-BD Abs (10 and 5 nm gold particles, respectively) at a ratio 1:1. The results showed an interaction of the 10 nm gold particles at three distinguished places on the fibril. Similarly, 5 nm gold particles also interacted at three different locations on the fibril (Fig. 6A-B) . Several individual fibrils were measured, and the distribution of gold particles in relation to the full length of the fibril was calculated. The results showed that PD2 and BD1 were present at 30-35 nm, BD2 and PD1 at 60-70 nm, and, finally, PD3 and BD2 were located at a 90-95 nm distance from the base of the fibril (Fig. 6C) . Taken together, the position of our Abs suggested approximate parallel distribution of PD and BD on the Hsf molecule, and clearly demonstrated that the fibril is bent back from the middle portion of the protein (Fig. 6C ).
Discussion
Hsf is an important virulence factor of H. influenzae and is present in all encapsulated clinical isolates. Among several known bacterial trimeric autotransporters, Hsf is unique for its structural appearance (Cotter et al., 2005b) . It is not a trimeric straight fiber like protein, rather a folded and twisted molecule at the bacterial surface. A prototypical autotransporter such as Yersinia adhesion (YadA) and ubiquitous surface proteins (Usp) A1/A2 of M. catarrhalis appear as straight "lollipop" like structures consisting of a membrane-anchoring domain, a stalk and finally a head (Nummelin et al., 2004) . On the other hand, some of the autotransporters may appear like a fibril, and thus may not be similar to a prototypical TAA (Cotter et al., 2005a) . Previously, we noticed a similar double-fold in a large TAA, i.e., Moraxella catarrhalis IgD binding protein (MID). In parallel to Hsf, MID is also an extraordinary large protein (Hallstrom et al., 2008) . Interestingly, the Hsf homologue Hia having 70% similarity is present in NTHi, and is only 1000 amino acids in length and not bended and twisted like Hsf . Most trimeric autotransporters are straight fibrils regardless of their large sizes. For example, Ishikawa and co-workers reported that the AtaA autotransporter of Acinetobacter sp. that is constituted of 3630 amino acids appears like a straight fibril structure (Ishikawa et al., 2014) . The BadA protein of Bartonella henselae similarly appears as a straight fibril (≈250 nm) that is composed of 3082 amino acids (Muller et al., 2011) .
Interestingly, the straight structure of some of the TAAs is dynamically modified once they bind to the host ligands. For example, UspA1 showed a bending after binding to CAECAM-1 and fibronectin (Agnew et al., 2011) . Similarly, the E. coli autotransporter EibD also bends from a saddle-like structure after binding to its ligand IgG (Leo et al., 2011) . This kind of bending has only been observed after interaction with host ligands. On the other hand, the biological significance of bending and twisting of the bacterial autotransporters such as MID and Hsf is currently not understood. The folding might, however, have certain benefits. Firstly, the large Hsf-like fibril (≈200 nM in length) may be very fragile that might easily shear. The winding of two trimeric halves of the fibrils make it stiffer and provide mechanical strength to the fiber. It will be more stable during bacterial mobility and host interaction. Secondly, the trimeric structure of the fibril constitutes functional domains. The double intertwining of the trimeric fibre might generate new intramolecular interactions that may lead to the formation of several new functional domains around the fibril. In Hsf, the core of the repetitive domains is conserved, whereas the surface-exposed regions of these domains are variable as explained in our model ( Fig. 1B-C) . Thus the conserved core provides a structural stability to the Hsf molecule, while variable surface exposed regions might contribute to different biological functions.
We modeled 136-2413 amino acids of Hsf by using different suitable templates and then finally joined all models together to build the whole fibril (Fig. 1A) . The total length of the model was measured from the centroid of the C-alpha of Asp136 to the centroid of the C-alpha of Gln2371 that accounted for 1675 Å (167.5 nm). In this model some important issues have been considered during the comparison of model length with the estimated length in TEM. The Hsf 2372-2413 region is present inside the outer membrane, hence it will not contribute to the visual length at the surface of bacteria during analysis in TEM. Importantly, these membranespanning amino acids are not included in the 1675 Å length. In Hsf, the 55-135 aa do not have any suitable crystal structure to be used as a template. Therefore, the 54-135 aa were not included in the model, and these amino acids will definitely contribute to the length of the fibril. In this model, however, only partial structures that have very poor template similarity were modeled as a coiled-coil as described elsewhere (Griffiths et al., 2011) . The axial rise for an alpha-helical coiled coil is 1.5 Å per amino acid. The 3emi template (similar to PDs) was found to have an axial rise per amino acid of 0.55 Å. This indicates that Hsf aa 136-2371 is longer than 123 nm even if it is modeled by 3emi template, and less than 335 nm, also if those regions are put as a coiled coil shape. Thus, the approximate visual length of Hsf under natural conditions as revealed by TEM was ≈100 nm, and after complete denaturation this might have a length of ≈200 nm. The modeled sf (136-2371 aa) structure is 167 nm that is matching with the length of protein observed in TEM.
Our TEM data showed that bending only does not take place in the Hsf fibre. For instance, in some of the TAAs, interaction of ligands causes a bend in the trimer (Agnew et al., 2011; Leo et al., 2011) . Unlike those proteins, the Hsf fibril is twisted after bending and the bended region may have loose or tight interactions with the first half part of the fibre. Twisting of two trimers is evident from our experiments with bacteria incubated in the presence of GuHCl, and here unwinding of two trimers was observed at high concentrations of GuHCl (Fig. 2 and 3) . This intertwining between two halfes of the same trimers may thus generate a much more complicated structure.
In the present paper we used protein unfolding and TEM to demonstrate that Hsf is a twisted "hairpin-like" trimeric autotransporter. Our study provides new knowledge on the structural arrangement of the Hsf molecule at the bacterial surface. It will be a challenge to prove the biological significance of this particular folding, and it also remains to study the ultrastructure of this interesting protein to present a full crystal structure model. the domain annotation of trimeric autotransporter adhesins (DATAA) server at Max Planck Institute for Developmental Biology, Tubingen, Germany (http://toolkit.tuebingen.mpg.de/dataa/search). Domains are indicated according to their amino acid numbers, and the BD and PD are named according to the previously described nomenclature (Cotter et al., 2005) The anti-BD and anti-PD pAbs were labelled with gold particles having a size of 10 nm. The other specific pAbs shown at the top of the panels were labelled with 5 nm gold particles. Anti-BD or anti-PD pAb (10 nm) were used to probe H. influenzae RM804 with a combination of specific Abs (5 nm). (B) In parallel, a similar strategy as in (A) was used to probe E. coli expressing Hsf at its surface. The specificity of the anti-PD and anti-BD pAbs is shown in Figure S2 . (C) The relative frequency of gold particles bound by specific pAbs directed against several fibrils (A-B) were plotted against the length of fibrils. Distribution of specific Abs is schematically presented in a cartoon to the right. Proteins (5 μg) were separated in a 12% SDS-PAGE and stained with Coomassie blue R250. Middle and right panels indicate blots probed with anti-BD and anti-PD Abs, respectively. Fifty ng of each protein was loaded on gels. B. ELISA that demonstrates the specificity of anti-BD and anti-PD Abs. All recombinant proteins (50 nM) were coated on ELISA plates and different dilutions of Abs were used.
